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ABSTRACT
Large-scale galactic shocks, predicted by density wave theory, trigger star formation (SF-arms) down-
stream from the potential of the oldest stars (P-arms), resulting in a color jump from red to blue across
spiral arms in the direction of rotation, while aging of these newly formed young stars induces the op-
posite but coexisting classic age gradient further downstream from the SF-arms. As the techniques for
measuring pitch angle are intensity-weighted, they trace both the SF-arms and P-arms and are not
sensitive to the classic age gradient. Consequently, the measured pitch angle of spiral arms should be
systematically smaller in bluer bandpasses compared to redder bandpasses. We test these predictions
using a comprehensive sample of high-quality optical (BVRI) images of bright, nearby spiral galaxies
acquired as part of the Carnegie-Irvine Galaxy Survey, supplemented by Spitzer 3.6 µm data to probe
evolved stars and GALEX ultraviolet images to trace recent star formation. We apply one-dimensional
and two-dimensional techniques to measure the pitch angle of spiral arms, paying close attention to
adopt consistent procedures across the different bandpasses to minimize error and systematic bias. We
find that the pitch angle of spiral arms decreases mildly but statistically significantly from the reddest
to the bluest bandpass, demonstrating conclusively that young stars trace tighter spiral arms than old
stars. Furthermore, the correlation between the pitch angle of blue and red bandpasses is non-linear,
such that the absolute value of pitch angle offset increases with increasing pitch angle. Both effects
can be naturally explained in the context of the density wave theory for spiral structure.
Keywords: galaxies: kinematics and dynamics – galaxies: photometry – galaxies : spiral – galaxies:
structure
1. INTRODUCTION
Spiral structure is the most striking feature of disk galaxies, but its physical origin is still debated. The density wave
theory proposed by Lin & Shu (1964), perhaps the most successful framework proposed for spiral structure, envisages
a quasi-stationary wave pattern rotating around the galactic center at a constant angular speed. The spiral potential
generated by the oldest stars induces large-scale galactic shocks on the gas, triggering gravitational collapse and then
enhanced star formation (Roberts 1969).
The enhanced star formation caused by density waves can lead to two opposite but coexisting color gradients across
spiral arms. Firstly, gas clouds get shocked upstream from the minima of the spiral potential (P-arms) and take a
finite timescale to form arms with enhanced star formation (SF-arms) downstream from the P-arms (Gittins & Clarke
2004). As the spiral potential is generated by the oldest stars, a red-to-blue color gradient occurs in the direction of
rotation for trailing spirals. The second color gradient—the classic age color gradient—comes from the aging of newly
formed young stars of the SF-arms. Inside the corotation radius, the newly formed stars drift differentially out of their
birth site and age meanwhile. This drift causes an age color gradient from blue to red in the direction of rotation. In
summary, there is a spatial ordering of different tracers across spiral arms in the direction of rotation: the oldest pop-
ulation, the youngest stars, and a gradually aging population. Due to the requirement that arms vanish at corotation
radius (CR), the azimuthal offsets among them decrease with increasing radius inside CR and increase thereafter (or
beyond CR), implying that the pitch angle of these tracers follows: pitch angle of P-arms > pitch angle of SF-arms >
pitch angle of aging red arms. This picture, though, is less clear-cut in reality. Smearing-out effects between the gas
and stars, due to the continuous formation of stars behind the shock and the tendency for newly formed stars to fall
to smaller galactocentric radii due to loss of angular momentum, reduce the asymmetry of the classic color gradient
2anticipated by theory (Yuan & Grosbol 1981). Furthermore, the stronger shocks at smaller radii increase the inward
streaming motions there, such that the azimuthal offsets narrow, and mimic a reduction in the pattern speed relative to
that measured at larger radii (Mart´ınez-Garc´ıa et al. 2009b). Evidence for the classic age color gradient has been found
by Gonzalez & Graham (1996), Mart´ınez-Garc´ıa et al. (2009a), and Mart´ınez-Garc´ıa & Gonza´lez-Lo´pezlira (2011) by
using a photometric index, Q(r J g i), that effectively traces the gradient from young to relative old stars, while contra-
dictory results have also been reported (Schweizer 1976; Talbot et al. 1979; Foyle et al. 2011). One-dimensional (1D) or
two-dimensional (2D) Fourier transformation are widely adopted techniques to measure pitch angle of spiral arms. Be-
cause these two techniques implicitly use the intensity as weighting when calculating the Fourier components, they will
trace the centroid of spiral arms near their peak, thereby measuring the pitch angle of P-arms in red-band and SF-arms
in blue-band images. Therefore, in observational terms, spiral arms should have smaller pitch angles in the blue than
in the red if they are density wave modes. A number of studies indeed have found evidence of spiral arms being tighter
in bluer than in redder bands (Grosbol & Patsis 1998; Mart´ınez-Garc´ıa 2012; Mart´ınez-Garc´ıa & Gonza´lez-Lo´pezlira
2013; Mart´ınez-Garc´ıa et al. 2014). Mart´ınez-Garc´ıa & Gonza´lez-Lo´pezlira (2013), in particular, reported a median
difference in pitch angle of approximately−1◦ between the g and J band for a sample of 11 objects. By contrast, neither
Seigar et al. (2006) nor Davis et al. (2012) found discernible variation in pitch angle with waveband. Pour-Imani et al.
(2016), extending the range of wavelengths to the far-ultraviolet (FUV), even came to the opposite conclusion: spirals
are looser in the ultraviolet and grow tighter toward the red. A major source of difficulty with these analyses is that the
pitch angle variations are expected to be small, and hence measurement uncertainties and systematic effects become
very important, both within each band and across different bands. If we wish to compare pitch angles from different
images, great care must be taken, when performing the measurements, to choose strictly consistent galaxy parameters,
such as galaxy center, ellipticity, position angle, and radius range.
No color dependence in arm tightness is expected for the transient but recurrent spiral structures presented in
N -body simulations (e.g., Sellwood 2011; Baba et al. 2013; D’Onghia et al. 2013) obeying swing amplification theory
(Toomre 1981). Thus, measuring the pitch angle as a function of wavelength provides a simple test for theories of
spiral structure.
Yu et al. (2018) recently measured robust pitch angles for a large sample of spiral galaxies drawn from the Carnegie-
Irvine Galaxy Survey (CGS; Ho et al. 2011), using two independent methods based on 1D and 2D Fourier decompo-
sition of optical (BVRI) images. Here, we extend the analysis of a subset of this sample to an even wider wavelength
baseline, by making use of 3.6 µm IRAC images from the Spitzer Survey of Stellar Structure in Galaxies (S4G;
Sheth et al. 2010), which are an ideal extinction-free tracer of the stellar mass distribution in galaxies (Meidt et al.
2014). At the opposite extreme, we further include FUV and near-ultraviolet (NUV) images from the Galaxy Evolution
Explorer (GALEX; Martin et al. 2005) to sample the most recently formed stars. Together with the CGS data, our
analysis covers a total of seven bandpasses from ∼ 1500 A˚ to 3.6 µm, offering the most comprehensive view to date of
the wavelength dependence of spiral arm pitch angle.
2. DATA
The CGS is a statistically complete optical (BVRI) imaging survey of 605 bright (BT ≤ 12.9 mag), nearby (median
DL = 24.9 Mpc), southern (δ < 0
◦) galaxies. The overall quality of the images is quite high, having a median seeing
of ∼ 1′′ and a limiting surface brightness of ∼25.3 mag arcsec−2 in the I band. Yu et al. (2018) successfully and
systematically measured the pitch angles of spiral arms for 172 CGS galaxies in BVRI, using both 1D and 2D Fourier
decomposition. We crossmatch the spiral galaxies with pitch angle measurement in Yu et al. (2018) with S4G and
GALEX. We excluded galaxies with spiral arms in I-band images that are too flocculent or irregular to measure reliable
pitch angle (Yu et al. 2018). The 3.6 µm images reach a limiting surface brightness of ∼ 27 mag arcsec−2 and thus
are quite deep, but the quality of the NUV/FUV images is spotty. Images from the GALEX All-Sky Imaging Survey
(AIS) are rather shallow, and we exclude them if the spiral arms are indistinguishable. We finally have 82 3.6µm
images, 80 NUV images [44, 6, 10, and 20 of them are from GALEX AIS, Medium Imaging Survey (MIS), Nearby
Galaxy Survey (NGS), and Guest Investigator Data (GI), respectively] and 71 FUV images (38, 6, 10, and 17 of them
from GALEX AIS, MIS, NGS, and GI, respectively).
An accurate determination of the sky projection parameters— ellipticity (e) and position angle (PA)—for the galaxies
is essential for the study of spiral arms. Yu et al. (2018) carefully scrutinize the projection parameters from different
sources to choose the optimal values. For the current, demanding application in hand, the problem is even more acute
because we need to compare potentially small differences in pitch angle across multiband images with inhomogeneous
3Figure 1. Results of 1D Fourier decomposition for NGC 5247 (upper row) and NGC 7418 (bottom row). Left panels present
the CGS B-band images, overplotted with the resulting centroids of the spiral arms, with their polar coordinate shown in the
right panels, in 3.6µm (red crosses), I (green stars), B (blue triangles), NUV (purple squares), and FUV (black points). Right
panels show the phase angles of spiral arms, identified by the 1DDFT method, as a function of galactocentric radii. We adopt
the convention that the azimuthal angle increases with rotation. The orange symbols, if available, represent the dust lanes,
identified visually in the B-band images. The white circles in the left panels indicate the estimated corotation radius (CR),
at which location the color gradient reverses; the arrow in the bottom left corner of the right panels denotes the direction of
rotation.
resolution and signal-to-noise ratio. It is also particularly challenging that within any given galaxy the pitch angle
variations with radius can exceed 20% (Savchenko & Reshetnikov 2013). Thus, it is crucial to keep fixed the e, PA,
and centroid of the galaxy, as well as the radial range occupied by spiral arms, when calculating the pitch angle for
images in different wavebands. This procedure was followed strictly for the BVRI CGS images (Yu et al. 2018), and
here we extend it to the IRAC and GALEX images, adopting, as reference, the projection parameters from the CGS
I-band image (Table 1). The absolute astrometry for the IRAC and GALEX images is determined according to the
world coordinate system of the galactic center of the I-band images (Li et al. 2011).1
Prior to performing Fourier decomposition to measure the pitch angle, the images need to be background-subtracted,
and bright foreground stars must be removed. These procedures have already been performed for the CGS images
(Ho et al. 2011; Li et al. 2011), and we apply them in the same manner to the IRAC and GALEX images.
3. PITCH ANGLE MEASUREMENTS
The most widely used techniques to measure arm pitch angle employ discrete Fourier transformation, either in 1D
(1DDFT) (Grosbøl et al. 2004; Kendall et al. 2011) or in 2D (2DDFT) (Kalnajs 1975; Iye et al. 1982; Krakow et al.
1982; Puerari & Dottori 1992; Puerari 1993; Block & Puerari 1999; Seigar et al. 2005; Davis et al. 2012). Both tech-
1 The world coordinate system for a few CGS images is either unavailable or has a slight orientation offset. For these particular data,
we aligned the IRAC/GALEX images with the CGS images by visual inspection.
4Figure 2. 2D Fourier spectra over the radial ranges [15′′,201′′] for NGC 5247 (left) and [21′′,126′′] for NGC 7418 (right), set
to be the same for all bandpasses. The spectra for 3.6µm, I, B, NUV, and FUV are marked by the red dotted, green dashed,
blue dot-dashed, purple dot-dot-dashed, and black solid lines, respectively. As the bandpass becomes bluer, the spectra tend to
shift gradually to larger value, i.e., the pitch angle becomes smaller (see Eq. (3) and Section 4.1).
niques are used and discussed in detail by Yu et al. (2018) in the context of the CGS images. Here we just briefly
summarize a few essential points.
The 1DDFT method fits a Fourier series to the 1D azimuthal isophotal light profile to identify the centroids of the
spiral arms using the phase angle of the dominant Fourier mode m. When computing the azimuthal isophotal light
profile (using the IRAF task ellipse), in addition to keeping e, PA, and galaxy center fixed to the reference values from
the I-band image, it is also essential to adopt the same physical linear step size for the isophotes. If the spiral arms are
correctly identified by the phase angle of the Fourier mode, the phase angle profile as a function of radius will show
almost monotonic change, whose gradient reflects the pitch angle of spiral arms. Fitting a logarithmic function to the
phase angle as a function of radius, φm(r),
φ = b · ln r + constant, (1)
where r is the radial distance from the center and b is a coefficient. The pitch angle follows, ϕ, from
ϕ = arctan
(
1
b
)
, (2)
with its error determined through propagation of the fitting error of b. This procedure, of course, cannot be applied to
totally flocculent, irregular or non-symmetric spiral patterns, which lack a smooth phase angle profile. Even for objects
that do possess a well-behaved phase angle profile, the radial range over which it changes smoothly and monotonically
will not be identical in every band because of variations in the noise properties of the images. This is illustrated
in Figure 1 for the grand-design spiral NGC 5247 and the multiple-arm spiral NGC 7418, showing the phase angle
profiles of the dominant Fourier mode calculated for images in 3.6µm, I, B, NUV, and FUV (R and V bands are
omitted for clarity). Note that we adopt the convention that the azimuthal angle increases with rotation. NGC 7418
has three inner arms associated with the central bar, with one of them disappearing in the outer part. Because its 1D
Fourier components show highest amplitude in m=3 while 2D Fourier components show highest amplitude in m=2, a
different Fourier mode is used in the 1DDFT (m = 3) and 2DDFT (m = 2; Figure 2) methods to calculate pitch angle;
both give consistent results. Some multiple-armed galaxies (∼ 10% in our sample), which have more complicated spiral
structures than grand-design galaxies, may exhibit a different dominant mode in 1D and 2D Fourier analysis. In other
words, this kind of galaxies has no “true” dominant mode. The right panels show that the centroids of the spiral arms
drift downstream gradually and systematically from 3.6µm to the FUV (this will be discussed in further in the next
5section). The GALEX AIS FUV and NUV images have particularly poor S/N. To minimize potential uncertainty from
variation of pitch angle with radius, we restrict the analysis in each band to the same radial range over which all the
phase angle profiles change almost monotonically. This radial range may only occupy part of the full spiral region, so
that the pitch angle measured by us is not necessarily consistent with the intrinsic pitch angle of spiral arms for those
galaxies whose pitch angle varies significantly with radius. Using the 1D method, we find for NGC 5247 pitch angles
of 33.◦7 ± 0.◦8, 35.◦2 ± 0.◦6, 31.◦2 ± 0.◦7, 31.◦0 ± 0.◦7, and 29.◦3 ± 1.◦0 in 3.6µm, I, B, NUV, and FUV, respectively; for
NGC 7418, we measure 32.◦8± 2.◦7, 31.◦4± 1.◦8, 30.◦4± 1.◦4, 30.◦6± 3.◦0, and 28.◦8± 2.◦6 in 3.6µm, I, B, NUV, and FUV,
respectively. Using the 1D method, we successfully measure pitch angles for 71 3.6µm, 60 NUV, and 50 FUV images
of 96 galaxies (Table 1). Typical uncertainties in the measurements are ∼ 2◦.
The 2DDFT method decomposes the background-subtracted, star-cleaned, and deprojected image, transformed into
polar coordinates, into a superposition of 2D Fourier components with coefficients |A(m, p)| 2 calculated over the
four radial ranges determined by Yu et al. (2018) in the I band: [rin, rout], [rin+0.2∆r, rout], [rin, rout-0.2∆r], and
[rin+0.1∆r, rout-0.1∆r], where ∆r= rin− rout, and rin and rout are the inner and outer boundaries of the spiral arms
(Table 1), which are set the same for all seven bandpass images. The peak p′ of the power spectrum of the dominant
Fourier mode m, which is set the same for images in all seven bands, is identified to calculate the arm pitch angle:
ϕ = arctan
(
−m
p′
)
. (3)
The pitch angle of the galaxy is taken as the mean value of the pitch angle in the four radial bins; its uncertainty,
typically ∼ 3◦, is their standard deviation. The Fourier spectra, |A(m=2, p)|, for NGC 5247 and NGC 7418 are
illustrated in the left and right panels of Figure 2, respectively. The p′ corresponding to the most prominent peak
gradually shifts toward the right with wavelength, indicating smaller pitch angles. For NGC 7418, although the peak
at 3µm is not in the canonical order, there is an important shift toward larger values of p′, especially between the
I and FUV bands. The 2D method yields for NGC 5247 pitch angle 36.◦9 ± 6.◦5, 37.◦9 ± 5.◦7, 35.◦9 ± 7.◦2, 30.◦7 ± 3.◦9,
and 28.◦5± 3.◦6 in 3.6µm, I, B, NUV, and FUV, respectively; the corresponding values for NGC 7418 are 32.◦7 ± 3.◦7,
32.◦3± 3.◦7, 25.◦3± 3.◦1, 27.◦3± 6.◦7, and 22.◦6± 3.◦7. Using the 2D method, we successfully measure pitch angles for 69
3.6µm, 70 NUV, and 60 FUV images of 99 galaxies (Table 1).
4. RESULTS
4.1. Color gradient across spiral arms
Young stars triggered by the spiral shock will form an SF-arm, which is downstream from the P-arm comprised
of evolved stars, resulting in a color jump from red to blue in the direction of rotation inside corotation radius
(Gittins & Clarke 2004). The classic age gradient, from blue to red, occurs as these newly formed young stars drift
differentially out of the SF-arm and age meanwhile. Both kinds of color gradients are caused by density waves and
can coexist. However, the techniques we have applied (1D and 2D Fourier transforms) implicitly use the intensity as
weighting when calculating Fourier components. Thus, these methods tend to identify the centroid of spiral arms close
to their brightness peak and are not sensitive to the age color gradient, which occurs in a wider azimuthal scale as the
surface brightness is gradually diminishing. As shown in Figure 1, we witness the centroid of spiral arms gradually
drifting downstream in waveband from 3.6µm to FUV, resulting in a continuous color gradient from red to blue
in the direction of rotation inside the corotation radius. This is consistent with the prediction by Gittins & Clarke
(2004), although the observed gradient is not obviously discontinuous. Such a color gradient has also been detected by
Mart´ınez-Garc´ıa & Gonza´lez-Lo´pezlira (2013) using the phase angle (not azimuthal position) of the dominant mode
from 2D Fourier transformation, even though the authors have treated it mistakenly as a result of an age gradient.
The detected continuity of the color gradient is probably a consequence of dust extinction. The spiral shock is located
upstream from the SF-arms and can be traced by the dust lanes (Gittins & Clarke 2004). The light from young stellar
complexes on the side closer to the shock is delimited by extinction (some of the young stellar complexes are actually
still visible at 3.6µm). Therefore, if the dust lanes are tapering downstream from the shock inside corotation radius,
at progressively shorter wavelengths, arms will be increasingly located further from the shock, since they will be visible
2 A(m, p) = 1
D
∫ ln(rout)
ln(rin)
∫ pi
−pi
∑N
j=1 Ij(rj , θj)δ(µ − µj)δ(θ − θj)e
−i(mθ+pµ)dθdµ, where D=
∑N
j=1Ij , Ij is intensity of the jth pixel at
(rj , θj), µ ≡ ln r, m is the azimuthal frequency, and p is the logarithmic radial frequency.
6Figure 3. Correlations between the pitch angle of spiral arms, calculated from the 1D method, in the I band and in the (a)
3.6 µm, (b) R, (c) V, (d) B, (e) NUV, and (f) FUV bands. In each panel, the dashed black line marks the 1:1 relation, and the
blue solid line is the best-fit straight line. The mean difference, ∆ϕ, and its error are given in the bottom-right corner of each
panel.
only once the optical depth τλ falls below 1. The stars and gas are still moving relative to the spiral pattern as expected
from density wave theory, so the width of the arm has to vanish at corotation and the pitch angle has to be smaller
for the bands detected further away from the shock.
We identify the dust lanes, which are marked by orange symbols in Figure 1, from visual inspection of the B-
band image of NGC 5247, while there is no regular dust lane for NGC 7418. The dust lanes are not as regular and
continuous as the shock fronts generated in numerical simulations employing a rigidly rotating spiral potential (e.g.,
Gittins & Clarke 2004; Kim & Kim 2014), and they only occupy part of the full spiral region. Despite these caveats,
some weak evidence of dust lanes being upstream from the spiral arms is found. The Fourier spectra presented in
Figure 2 also shed light on this picture. For NGC 5247, the |A(m=2, p)| peak profiles get narrower with decreasing
wavelength. For NGC 7418, whose dust lanes are inconspicuous, the |A(m=2, p)| peaks are equally wide and quite
symmetric at all wavelengths. We highlight that, with or without dust extinction, the detected color gradient as
well as the trend that spiral arms are more tightly wound in progressively shorter wavelengths (see Section 4.2) are
consistent with spiral density waves. Outside of the corotation radius, the stars and gas clouds move slower than the
spiral pattern, leading to a reversed color gradient. Based on this behavior, the coratation radius can be estimated as
the radius at which the color gradient reverses; it is marked with the white circle in the left panels and with the label
CR in the right panels of Figure 1.
4.2. Wavelength dependence of pitch angle
Figure 3 shows the pitch angles of spiral arms measured using the 1D method in the I band, compared with pitch
angles derived in the 3.6 µm, R, V, B, NUV, and FUV bands. The corresponding results obtained from the 2D
method, which are entirely consistent with those from the 1D method, are shown in Figure 4. In each panel the
dashed line represents the 1:1 relation, and the best-fit straight line, whose functional form is given at the top, is
marked by the blue solid line. We calculate the mean difference of pitch angle between waveband λ and the I band,
7Figure 4. All symbols as in Figure 3, but for pitch angles calculated from the 2D method.
∆ϕλ =
∑
(∆ϕλ,i)/N =
∑
(|ϕλ,i| − |ϕI ,i|)/N , where λ can be 3.6 µm, R, V, B, FUV, or NUV, i denotes the ith galaxy,
and N is the total number of galaxies. The error of the mean is calculated by ǫ = (standard deviation of∆ϕλ,i)/
√
N .
Both the 3.6 µm and I-band images give essentially identical pitch angles for the spiral arms, for both the 1D (Figure
3a) and 2D (Figure 4a) methods. The best-fit straight line for these two wavelengths has a slope of 0.99 (1.02) and
an intercept of 0.◦6 (0.◦0); the mean difference is ∆ϕ3.6µm = 0.
◦3 ± 0.◦3 (0.◦1 ± 0.◦2). The excellent consistency between
these two long-wavelength bandpasses confirms that the I band traces the mass distribution of evolved stars just as
effectively as the 3.6 µm band. This is a crucial step, for it allows us to use the CGS I-band images as the reference
red bandpass with which to compare the other five bluer bandpasses. The I-band images have the advantage of having
much higher signal-to-noise ratio and angular resolution than the 3.6 µm IRAC images. I-band images closely match
the conditions of the BVR images, and there are also many more objects that overlap with the GALEX database. We
detect a strong correlation between the I-band pitch angle and the pitch angle measured in each of the bluer bands,
with a slope for the best-fit straight line that decreases consistently and systematically, from 0.97 (0.98) in the R
band to 0.81 (0.80) in the FUV band (Figures 3 and 4). The correlations are tightest for the optical bands because
of the uniformly high quality of the CGS data, while the relatively low signal-to-noise ratio and coarse pixel scale of
the FUV/NUV images from GALEX/AIS introduce greater scatter but negligible systematic bias (see Section 4 of
Yu et al. 2018). Meanwhile, the mean difference in pitch angle with respect to the I band decreases (the absolute
value of difference increases) systematically and significantly (at greater than the 3 σ level) from ∆ϕR = −0.◦5 ± 0.◦1
(−0.◦3±0.◦1) in the R band to ∆ϕFUV = −2.◦2±0.◦6 (−1.◦7±0.◦4) in the FUV band. This clear statistical trend implies
that spiral arms in bluer bandpasses are, on average, tighter than in redder bandpasses.
The absolute value of the pitch angle difference is very small. We can discern it only when the inter-band correla-
tions have a sufficiently small total scatter, which we achieved through adopting a consistent approach to measuring
pitch angles across different bands (Section 3). This may explain why Davis et al. (2012) failed to detect a discernible
difference in pitch angles between the I and B bands, even though they also analyzed CGS data. Our results agree
with those of Grosbol & Patsis (1998), Mart´ınez-Garc´ıa (2012), Mart´ınez-Garc´ıa & Gonza´lez-Lo´pezlira (2013), and
Mart´ınez-Garc´ıa et al. (2014), but we place them on a firmer statistical footing using a much larger and more compre-
hensive sample. By contrast, Pour-Imani et al. (2016) reported an entirely opposite result: in their analysis of spiral
8arms of 28 galaxies, they found that the pitch angles are actually larger in the FUV band than at 3.6µm. Moreover,
the mean difference in pitch angle they measured is huge: ∆ϕ = 13◦ (recalculated from data in their table). Their pitch
angle measurements, unfortunately, are not reliable. As an example, for the well-studied grand-design spiral galaxy
NGC 1566, which overlaps with our sample, Pour-Imani et al. (2016) quote a pitch angle ϕ = 15.◦29 for 3.6 µm, 31.◦20
for B, and 44.◦13 for FUV. However, simple inspection of the images of NGC 1566 clearly reveal that its two symmetric
arms are quite similar in 3.6µm, B, and FUV. The huge difference of pitch angle reported by Pour-Imani et al. (2016)
for this galaxy cannot possibly be correct. Inspection of other galaxies in their sample (e.g., NGC 1097) reveals similar
problems. As mentioned earlier, it is crucially important to adopt consistent parameters when measuring pitch angles
across different images, especially those having vastly different angular resolution and signal-to-noise ratio. We suspect
that these factors may have adversely affected the measurements of Pour-Imani et al. (2016).
Our finding that the pitch angle of spiral arms decreases toward shorter wavelengths implies that young stars follow
tighter arms than those delineating the old stellar population. This behavior arises naturally as a consequence of star
formation triggered by the large-scale galactic shocks of trailing spirals and the fact that our techniques are intensity-
weighted. The oldest stars, as traced in the I or 3.6µm band, form a long-lived spiral pattern with a unique pattern
speed and generate the spiral gravitational potential (P-arm). The gravitational potential perturbs the gas orbits,
produces spiral shocks in the gas flow, and triggers gravitational collapse of the gas to form new stars to enhance star
formation (SF-arm) downstream from the P-arm for trailing spirals inside corotation radius (Gittins & Clarke 2004).
These newly formed stars drift out of the arm and age meanwhile. After aging ∼ 107years, the stars will move further
downstream from the SF-arm. For trailing spirals, within the corotation radius and in the direction of rotation, there
should a spatial ordering across the spiral arm: spiral shock, the oldest stars, young stars, and aging stars. However,
because the techniques we employ (1D and 2D Fourier transformation) implicitly use the intensity as weighting when
calculating Fourier components, they tend to identify the centroid of spiral arms close to its peak to measure the
pitch angle of the SF-arms and P-arms, and are thus not sensitive to the age color gradient. We therefore detect a
color gradient from red to blue (Figure 1) and tighter arms in bluer bands (Figures 3 and 4). Dust extinction causes
the color gradient and the variation of pitch angle with bandpass to appear continuous, instead of discontinuous as
predicted by Gittins & Clarke (2004).
Several factors complicate this simple picture. Recent works using a generalization of the Tremaine-Weinberg method
(Tremaine & Weinberg 1984) to calculate the pattern speed propose that the spiral pattern speed may increase with
decreasing radius in some objects (Merrifield et al. 2006; Meidt et al. 2009; Speights & Westpfahl 2012). This would
reduce the expected offsets between the tracers of the different stellar populations and imply that, actually, there is
no pattern speed. However, an increase in the measured pattern speed with decreasing radius might be caused by
the larger inward streaming motions of young stars at smaller radius rather than by a real radial variation of ΩP
(Mart´ınez-Garc´ıa et al. 2009b). The position of the spiral shock may depend on the pattern speed, strength of the
spiral potential, and the detailed properties of the gas clouds (Gittins & Clarke 2004; Kim & Kim 2014). Finally,
galaxies possess a variety of rotation curves, from slow-rising shapes for late-type galaxies to steeply rising and then
flat shapes for early-type ones (e.g., Kalinova et al. 2017). Thus, for any realistic sample of galaxies, such as that
considered in this study, all of these factors will introduce scatter to the predicted simple variation of spiral pitch
angle with stellar population. Yet, remarkably, we still seem to be able to extract a clear signal consistent with the
predictions. It is possible that in this case, among all the effects diluting the signal, extinction is actually helping it.
Although our results indicate that spiral arm structure in our sample is long-lived as predicted by density wave
theory, it is still possible that some galaxies are dominated by transient but recurrent spiral structure obeying swing
amplification theory (Toomre 1981). This scenario, which does not anticipate color gradients across spiral arms, may
account for the objects located closest to the 1:1 line in Figures 3 and 4.
The correlation between I-band pitch angle and FUV-band pitch angle (Figures 3f and 4f) has a best-fit slope of
∼ 0.8, which implies that the absolute value of the difference of pitch angle between young and old stars increases
progressively with increasing pitch angle. Moreover, the intercept is greater than zero. Both of these characteristics
need explanation.
4.3. Models
We construct a simplified model to explain these observations. The pitch angle of spiral arms on average increases
with later Hubble type, but with a large variation in pitch angle for any given Hubble type (Kennicutt 1981; Ma 2002;
Yu et al. 2018). As pitch angle shows no conclusively clear, strong correlation with global galaxy properties (Kennicutt
9Figure 5. Simplified model to explain the observed angular offset between the SF-arm and the P-arm. Left: rotation curve
of the stars or gas (solid line), and spiral pattern with pattern speed ΩP = 20 kms
−1 kpc−1 (dashed line). Middle: angular
velocity as a function of radius for spiral potential and for stars or gas. Right: the azimuthal offset between the arms of
newly formed young stars (SF-arm) and the spiral potential (P-arm), assuming a star formation timescale of τ = 10 Myr:
∆θ = θSF − θP = (Ωstars/gas − ΩP)× τ. The dotted line indicates zero offset.
1981; Seigar et al. 2005; Kendall et al. 2015; Yu et al. 2018), we construct a simplified model by choosing a typical
value of pattern speed, rotation curve, and star formation timescale. The compressed gas is traditionally believed to
be located upstream from the potential inside corotation radius, but simulations show that its location relative to the
potential is complex and may depend on the sound speed of the gas, the strength of the spirals, or the pattern speed.
The compressed gas can be downstream from the potential if it is cold or multiphase (Gittins & Clarke 2004; Wada
2008), or if the strength of the spirals is weak (Kim & Kim 2014). As we do not find a significant offset in azimuthal
angle between the dust lanes and the centroid of the arms at 3.6µm (e.g., Figure 1), we assume that the location of
the spiral shock is very near to the minimum of the spiral potential.
Our model adopts a spiral potential (P-arm), comprised of the oldest stars, with pattern speed ΩP = 20km s
−1 kpc−1.
This value is consistent with that found by Martos et al. (2004) for their optimal dynamically self-consistent model
of the Milky Way, and it lies within the range of pattern speeds of spiral arms (10 to 45 km s−1 kpc−1) measured by
using the Tremaine-Weinberg method (e.g., Zimmer et al. 2004; Fathi et al. 2009) or by analyzing age color gradients
(Mart´ınez-Garc´ıa & Gonza´lez-Lo´pezlira 2011). The stars and gas in the disk are assumed to rotate following the
circular velocity profile shown in Figure 5 (left), which is constructed using the eigenstates derived from the principle
component analysis of the rotation curves in the CALIFA galaxy sample (Kalinova et al. 2017). The circular velocity
profile, like that of the Milky Way (e.g., Bovy et al. 2012), rises rapidly to ∼ 200km s−1 by r≈ 3 kpc and then flattens
to ∼ 220 km s−1 beyond r≈ 10 kpc. The angular velocity profile is shown in the middle panel of Figure 5. As young,
massive stars form on a short timescale of ∼< 10 Myr, we assume that this is roughly also the timescale (τ) for gas
clouds to get shocked, form massive stars, and appear as star-forming arms (SF-arm) observed in the FUV images.
We will compare results from the model with our results for ∆ϕFUV, the pitch angle offset between the I-band and
FUV images. Although the resolution of the FUV images is coarser, the spiral arms are still well-resolved because
these galaxies are very nearby. As illustrated in Figure 5 (right), the SF-arm is downstream from the P-arm inside
the corotation radius and has an azimuthal angle offset relative to the P-arm ∆θ = θSF − θP = (Ωstar/gas − ΩP) × τ.
Large negative angular offsets are expected in the inner regions, and the offsets become positive beyond the corotation
radius.
To mimic the properties of our sample, whose spiral pitch angles range from 10◦ to 40◦, we homogeneously sample
the pitch angle the of P-arm at six equally spaced intervals of 10◦, 16◦, 22◦, 28◦, 34◦, and 40◦ (Figure 6). The P-arm
is assumed to be logarithmic in shape, following the equation:
θP = b ln rP + a, (4)
where (rP, θP) are the polar coordinates of the minima of the spiral potential, a is a quantity determining the phase
angle of the arm, and b is a parameter defining pitch angle, ϕ = tan−1(1b ). Considering only circular motion, rSF = rP
and θSF = θP + ∆θ. As the resulting SF-arm, traced by the blue dashed curve in Figure 6, slightly deviates from
10
Figure 6. Predicted location of the P-arm and S-arm, based on the model assumptions given in Figure 5. The solid red line
represents the spiral potential (P-arm), with the pitch angle shown in the legend, while the dashed blue line represents the arm
comprised of newly-born massive stars (SF-arm), triggered by the spiral shock, with an estimated timescale of 10 Myr. Panels
(a1)–(f1) present the spiral arms in (ln r, θ) space, while panels (a2)–(f2) present them in Cartesian coordinates, with a dotted
circle indicating the corotation radius. The difference of pitch angle between the SF-arm and P-arm, ∆ϕ = ϕSF − ϕP, is given
in the bottom-left corner of panels (a2)–(f2). The arrows indicate the direction of rotation.
logarithmic shape, a function with the mathematical form of Eq. (4) is fitted to the SF-arm to obtain the arm pitch
angle, and then the offset in pitch angle between the SF-arm and P-arm is calculated as ∆ϕ = ϕSF − ϕP. This is
presented in each of the panels of Figure 6. Consistent with our observations, the SF-arm has smaller pitch angle—and
hence is tighter—than the P-arm.
We further fit a straight line to the six data points in the left panel of Figure 7 to find the best-fit function, marked
by the solid line. The predicted relation between ϕSF and ϕP from the model, shown as the dashed line, is a non-linear
function, but it agrees extremely well with the fit between I-band and FUV pitch angle. The slope (0.79) and intercept
(1.91) of the best-fit theoretical relation are entirely consistent with our observations: slope 0.81± 0.06 and intercept
1.86± 1.43 for the 1D method (Figure 3f), slope 0.80± 0.05 and intercept 2.83± 0.79 from the 2D method (Figure 4f).
The positive intercept of the best-fit lines (Figures 3, 4, and 7) is an artifact caused by fitting a straight line to the
data; it is unphysical because it would prevent the arm from vanishing at corotation. As our sample has a deficit of
pitch angles less than 10◦, this behavior needs to be verified with further observations. The slopes < 1, on the other
hand, reflect the fact that the absolute value of ϕSF−ϕP = ∆ϕ increases with ϕP (∆ϕ becomes more negative). This
correlation is shown in the right panel of Figure 7. In our model, the physics is the same for arms with different ϕ.
Thus, the angular offsets between the P and SF arms, which depend on the rotation curve, pattern speed, and star
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Figure 7. Left: relation between SF-arm pitch angle (ϕSF) and P-arm pitch angle (ϕP). Right: difference between the two
pitch angles, ϕSF − ϕP, as a function of ϕP. The behavior predicted by the model shown in Figure 5 is plotted as the dashed
curve; the data points are the results from Figure 6, whose best-fit function is plotted as the solid line. The dotted line represents
y = x.
formation timescale (i.e., on the physics), are the same for arms with different ϕ. The tendency of the absolute value of
∆ϕ to increase with ϕP is therefore a geometric effect. With increasing ϕ, for a fixed CR radius, the arms are shorter
(Figure 6). Since the width of the arm must vanish at CR, the more open the P-arm is, the larger the reduction of
ϕSF must be for this to happen in the available length.
5. SUMMARY AND CONCLUSIONS
In the context of density wave theory, star formation triggered by long-lived spiral arms generates a star-forming
arm (SF-arm) downstream from the potential arm (P-arm) of the oldest stars, and thus induce a color jump from
red to blue in the direction of rotation inside corotation radius (Gittins & Clarke 2004). The burst of star formation
enhanced by the spiral shock will age and drift further downstream to form an opposite but coexisting color gradient
(classic age gradient), from blue to red. As both 1D and 2D Fourier transformation implicitly use intensity as
the weighting when calculating Fourier components, these techniques identify the centroid of spiral arms, and the
resulting pitch angle measurements gauge the tightness of the SF-arm in blue bandpasses and of the P-arm in red
bandpasses. In other words, Fourier techniques will readily identify the Gittins & Clarke jump, where bluer SF-
arms are tighter, and be quite insensitive to the classic age gradient, which occurs on a much wider azimuthal scale,
as the surface brightness continuously diminishes. Evidence for the classic age color gradient has been found by
Gonzalez & Graham (1996), Mart´ınez-Garc´ıa et al. (2009a), and Mart´ınez-Garc´ıa & Gonza´lez-Lo´pezlira (2011), while
contradictory results have also been reported (Schweizer 1976; Talbot et al. 1979; Foyle et al. 2011). Pour-Imani et al.
(2016) looked for and claimed to have found the pitch angle trend expected from aging arms (i.e., smaller pitch angle
at redder wavelengths), but it is surprising they were successful while also using Fourier techniques. Many attempts
have also been made to detect the dependence of arm pitch angle on wavelength in the context of color gradient of
Gittins & Clarke (2004): Grosbol & Patsis (1998) saw it, and explained it as caused by relative displacements of dust
and young stars; Foyle et al. (2011) failed to detect the azimuthal offset between P-arms and SF-arms based on a cross-
correlation function analysis; Mart´ınez-Garc´ıa (2012) and Mart´ınez-Garc´ıa & Gonza´lez-Lo´pezlira (2013) detected it
but attributed their result wrongly to aging; Mart´ınez-Garc´ıa et al. (2014) reported a positive result for three out of
five objects.
We perform a comprehensive analysis of this problem using the largest sample to date of bright, nearby spiral galaxies
from the Carnegie-Irvine Galaxy Survey (CGS), having high-quality optical (BVRI) images, combined with 3.6 µm
Spitzer images that trace the underlying stellar mass distribution, and NUV/FUV GALEX images that probe sites
of recent star formation. We measure pitch angles using both 1D and 2D Fourier techniques developed and tested by
Yu et al. (2018). As the expected signal is subtle, great care was taken to ensure that the measurements were made
consistently across the images from different bands and instruments.
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By using the centroid of spiral arms identified by Fourier transformation, we show that the color across spiral arms of
both grand-design and multiple-arm galaxies changes from red to blue in the direction of rotation inside the corotation
radius. We demonstrate that there is almost no difference between the pitch angle of spiral arms as measured in
the 3.6µm band or in the I band, both of which effectively trace the evolved stellar population in our sample. This
important demonstration allows us to use the much larger sample of higher signal-to-noise ratio, higher resolution
CGS I-band images as the reference with which all other bluer bandpasses can be compared. We find that spiral arms
are on average tighter (pitch angle ϕ smaller) in the bluer bandpasses than in I-band, at greater than 3 σ significance,
and the absolute value of difference increases systematically with increasing wavelength separation. Referenced to
the I band, the mean difference in pitch angle, as measured from the 1D Fourier method, is ∆ϕ = −0.◦5 ± 0.◦1 in R,
−0.◦7±0.◦1 in V , −1.◦1±0.◦2 in B, −1.◦6±0.◦5 in NUV, and −2.◦2±0.◦6 in FUV. The 2D method gives consistent results,
with corresponding values of ∆ϕ = −0.◦3± 0.◦1, −0.◦5± 0.◦1, −0.◦9± 0.◦2, −1.◦4± 0.◦4, and −1.◦7± 0.◦4. That ∆ϕ < 0 and
the tendency for ∆ϕ to become more negative with increasing ϕ are both consequences of the fact the azimuthal angle
offset between the spiral potential and the newly formed stars, triggered by the spiral shock, decreases with radius and
vanishes at the corotation radius. Our results support the density wave theory for the origin of symmetric spiral arms.
We thank the referee for constructive criticisms that helped to improve the quality and presentation of the paper.
This work was supported by the National Key R&D Program of China (2016YFA0400702) and the National Science
Foundation of China (11473002, 11721303).
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Table 1. Measurements of Spiral Arm Pitch Angles
Hubble Result from 2D method Result from 1D method
Name Type PA e m Range |ϕ3.6µm| |ϕI | |ϕR| |ϕV | |ϕB | |ϕNUV| |ϕFUV| m Range |ϕ3.6µm| |ϕI | |ϕR| |ϕV | |ϕB | |ϕNUV| |ϕFUV|
(◦) (′′) (◦) (◦) (◦) (◦) (◦) (◦) (◦) (′′) (◦) (◦) (◦) (◦) (◦) (◦) (◦)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22)
ESO 009-G010 Sbc 168 0.33 2 (8,48) · · · 12.3+0.9
−0.9
12.2+1.0
−1.0
12.1+0.9
−0.9
12.0+0.9
−0.9
11.9+1.0
−1.0
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
ESO 027-G001 SBc 117 0.22 2 (23,127) 16.3+1.5
−1.5
16.1+1.3
−1.3
16.0+1.3
−1.3
15.8+1.2
−1.2
15.8+1.3
−1.3
15.7+2.2
−2.2
· · · 2 (28,88) 15.4+0.3
−0.3
15.2+0.3
−0.3
15.4+0.3
−0.3
15.8+0.4
−0.4
15.8+0.4
−0.4
13.3+1.3
−1.3
10.3+0.5
−0.5
ESO 440-G011 Scd 12 0.06 4 (23,97) 29.5+5.7
−5.7
30.6+4.9
−4.9
28.0+3.8
−3.8
28.0+3.8
−3.8
27.8+3.8
−3.8
27.9+2.3
−2.3
28.8+2.7
−2.7
4 (18,58) 45.0+2.6
−2.6
41.1+1.5
−1.5
40.6+2.2
−2.2
40.0+2.2
−2.2
39.3+2.4
−2.4
36.8+2.7
−2.7
35.0+6.1
−6.1
ESO 445-G089 SBcd 112 0.20 3 (13,85) 42.3+6.0
−6.0
44.3+4.9
−4.9
42.9+5.5
−5.5
42.3+6.0
−6.0
42.3+6.0
−6.0
39.3+4.8
−4.8
39.4+4.5
−4.5
3 (28,49) 33.7+2.4
−2.4
35.6+2.4
−2.4
35.9+2.1
−2.1
35.5+2.4
−2.4
34.7+2.5
−2.5
32.1+3.2
−3.2
31.2+3.4
−3.4
ESO 582-G012 SABc 49 0.43 2 (16,78) · · · 18.7+3.1
−3.1
18.6+2.7
−2.7
18.5+2.9
−2.9
18.3+2.6
−2.6
17.8+1.9
−1.9
16.3+2.0
−2.0
2 (24,58) · · · 17.8+0.8
−0.8
18.3+0.7
−0.7
18.7+0.6
−0.6
18.8+0.7
−0.7
16.8+1.3
−1.3
13.0+1.7
−1.7
IC 438 SABc 62 0.27 2 (9,88) · · · 13.9+1.8
−1.8
14.7+1.0
−1.0
14.5+1.0
−1.0
14.4+1.0
−1.0
14.3+0.9
−0.9
13.8+0.9
−0.9
2 (14,24) · · · 15.1+0.9
−0.9
14.6+0.4
−0.4
14.4+0.3
−0.3
13.9+0.4
−0.4
8.0+2.6
−2.6
7.0+0.2
−0.2
IC 1953 Sc 127 0.33 2 (21,97) 13.0+2.3
−2.3
13.9+1.6
−1.6
14.0+1.7
−1.7
14.0+1.7
−1.7
13.2+2.3
−2.3
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
IC 1954 Sb 61 0.44 2 (14,86) 20.0+1.8
−1.8
19.1+2.0
−2.0
18.3+1.7
−1.7
18.1+1.8
−1.8
18.0+1.7
−1.7
17.1+2.0
−2.0
16.9+2.1
−2.1
2 (13,56) 18.4+1.4
−1.4
18.2+0.9
−0.9
17.6+0.9
−0.9
17.4+0.8
−0.8
17.2+0.9
−0.9
· · · · · ·
IC 1993 SABb 56 0.08 2 (11,57) 15.4+1.1
−1.1
17.1+1.4
−1.4
17.6+1.5
−1.5
17.8+1.4
−1.4
17.6+1.5
−1.5
15.0+1.2
−1.2
· · · 2 (12,42) 15.2+1.2
−1.2
17.0+0.4
−0.4
17.1+0.4
−0.4
16.9+0.4
−0.4
16.5+0.6
−0.6
16.6+1.7
−1.7
18.7+4.2
−4.2
IC 2051 SBbc 71 0.42 2 (43,79) 14.5+0.9
−0.9
14.6+1.2
−1.2
15.1+0.9
−0.9
15.5+1.3
−1.3
15.1+1.5
−1.5
· · · · · · 4 (48,79) 14.0+1.2
−1.2
14.8+0.6
−0.6
14.3+0.6
−0.6
13.7+0.7
−0.7
13.2+0.7
−0.7
· · · · · ·
IC 2056 Sbc 22 0.12 3 (4,29) 25.5+3.8
−3.8
24.9+2.8
−2.8
23.7+3.6
−3.6
21.0+1.1
−1.1
20.0+1.4
−1.4
· · · · · · 3 (4,20) 27.8+1.6
−1.6
27.6+1.4
−1.4
26.8+1.5
−1.5
· · · · · · · · · · · ·
IC 2537 Sc 25 0.35 2 (14,87) · · · 9.6+0.7
−0.7
9.6+0.6
−0.6
9.6+0.6
−0.6
9.5+0.5
−0.5
9.8+1.0
−1.0
10.2+1.2
−1.2
2 (50,94) · · · 11.6+0.7
−0.7
10.8+0.6
−0.6
· · · · · · 11.3+0.9
−0.9
10.6+0.7
−0.7
IC 2560 SBb 42 0.46 · · · · · · · · · · · · · · · · · · · · · · · · · · · 2 (50,96) · · · 22.2+1.4
−1.4
19.4+1.5
−1.5
18.9+1.6
−1.6
16.3+2.2
−2.2
15.0+3.7
−3.7
16.1+3.7
−3.7
IC 2627 SABc 55 0.17 2 (10,103) 32.4+6.0
−6.0
31.1+4.0
−4.0
32.0+6.2
−6.2
31.6+6.5
−6.5
31.2+6.7
−6.7
31.3+5.0
−5.0
28.7+3.4
−3.4
2 (12,100) 33.2+0.6
−0.6
32.6+0.8
−0.8
32.3+0.8
−0.8
32.9+0.9
−0.9
31.5+0.8
−0.8
30.4+1.9
−1.9
· · ·
IC 2764 S0-a 7 0.16 · · · · · · · · · · · · · · · · · · · · · · · · · · · 4 (22,41) 17.8+2.5
−2.5
· · · 12.5+1.0
−1.0
13.5+1.4
−1.4
12.7+0.6
−0.6
8.1+0.7
−0.7
· · ·
IC 4538 SABc 30 0.15 4 (16,66) · · · 19.8+1.1
−1.1
19.9+1.1
−1.1
19.8+1.1
−1.1
20.1+1.0
−1.0
20.0+1.0
−1.0
20.5+1.9
−1.9
4 (32,71) · · · 23.3+0.9
−0.9
23.1+0.7
−0.7
22.8+0.7
−0.7
22.8+0.5
−0.5
24.2+2.1
−2.1
23.3+2.8
−2.8
IC 4901 SABc 123 0.32 2 (15,100) 11.6+1.7
−1.7
11.7+1.2
−1.2
11.7+1.2
−1.2
11.8+1.2
−1.2
11.8+1.2
−1.2
· · · · · · 2 (50,86) 23.5+0.7
−0.7
21.0+1.2
−1.2
20.6+1.1
−1.1
20.5+1.2
−1.2
19.4+1.2
−1.2
· · · · · ·
IC 5240 SBa 106 0.37 2 (40,101) 20.1+2.2
−2.2
20.1+2.2
−2.2
19.9+2.7
−2.7
19.5+2.3
−2.3
19.3+2.4
−2.4
17.3+1.4
−1.4
16.4+2.1
−2.1
2 (41,97) 19.0+0.8
−0.8
19.8+1.1
−1.1
18.9+0.9
−0.9
18.7+0.9
−0.9
18.1+0.9
−0.9
19.9+1.7
−1.7
· · ·
IC 5273 SBc 52 0.30 · · · · · · · · · · · · · · · · · · · · · · · · · · · 4 (18,47) 28.0+1.2
−1.2
31.0+2.2
−2.2
32.1+2.5
−2.5
33.5+3.3
−3.3
36.5+3.6
−3.6
· · · · · ·
IC 5325 Sbc 26 0.13 3 (16,71) 34.9+4.3
−4.3
30.3+3.8
−3.8
31.2+4.2
−4.2
31.7+5.1
−5.1
31.0+5.6
−5.6
31.4+5.3
−5.3
· · · 3 (14,50) 32.7+1.9
−1.9
· · · 32.2+2.4
−2.4
31.6+2.5
−2.5
31.5+2.5
−2.5
30.2+2.5
−2.5
31.8+2.9
−2.9
IC 5332 SABc 151 0.06 2 (15,105) 10.3+1.0
−1.0
10.0+0.5
−0.5
10.0+0.5
−0.5
10.0+0.5
−0.5
10.3+0.5
−0.5
· · · · · · 3 (17,62) 28.1+1.9
−1.9
28.7+3.2
−3.2
25.9+2.6
−2.6
26.9+3.0
−3.0
· · · · · · · · ·
NGC 157 SABb 49 0.32 2 (16,62) 32.1+4.2
−4.2
30.8+4.5
−4.5
29.0+4.0
−4.0
27.0+3.6
−3.6
25.2+2.8
−2.8
23.5+3.0
−3.0
23.3+3.0
−3.0
2 (13,57) 33.3+1.0
−1.0
29.5+0.9
−0.9
28.2+0.8
−0.8
26.8+0.9
−0.9
25.8+1.1
−1.1
· · · · · ·
NGC 210 SABb 167 0.29 2 (57,142) 14.0+1.4
−1.4
14.4+1.8
−1.8
13.4+1.3
−1.3
13.1+1.1
−1.1
13.3+1.0
−1.0
13.5+0.9
−0.9
13.0+0.9
−0.9
2 (58,121) 12.9+0.8
−0.8
12.2+0.8
−0.8
11.8+0.6
−0.6
12.4+0.7
−0.7
12.3+0.7
−0.7
13.2+0.5
−0.5
12.2+0.4
−0.4
NGC 255 Sbc 15 0.17 2 (15,60) 13.4+3.3
−3.3
14.9+2.7
−2.7
14.4+2.5
−2.5
15.4+2.6
−2.6
14.4+1.8
−1.8
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
NGC 289 SBbc 139 0.28 2 (14,146) · · · 29.4+3.9
−3.9
29.1+4.5
−4.5
29.6+5.1
−5.1
28.9+5.1
−5.1
29.3+6.7
−6.7
28.8+7.0
−7.0
2 (17,115) · · · 26.8+1.2
−1.2
26.7+1.3
−1.3
26.8+1.3
−1.3
26.6+1.5
−1.5
26.6+1.4
−1.4
26.8+1.9
−1.9
NGC 578 Sc 112 0.42 3 (22,128) 16.4+0.9
−0.9
16.2+0.9
−0.9
16.3+0.8
−0.8
16.3+0.8
−0.8
16.3+0.8
−0.8
· · · · · · 2 (21,45) 19.5+2.0
−2.0
18.0+1.6
−1.6
17.7+1.6
−1.6
17.2+1.3
−1.3
16.8+1.1
−1.1
· · · · · ·
NGC 782 SBb 49 0.13 3 (30,71) · · · 27.1+2.2
−2.2
26.6+2.3
−2.3
26.4+2.2
−2.2
26.2+2.4
−2.4
26.7+2.8
−2.8
25.3+4.0
−4.0
3 (11,65) · · · 28.3+0.5
−0.5
28.4+0.4
−0.4
28.1+0.4
−0.4
27.9+0.4
−0.4
28.1+0.7
−0.7
27.9+1.4
−1.4
NGC 895 Sc 123 0.31 2 (15,73) 30.2+3.7
−3.7
32.1+4.2
−4.2
30.3+4.0
−4.0
28.6+4.2
−4.2
26.7+4.0
−4.0
25.2+2.8
−2.8
25.2+2.8
−2.8
2 (21,84) 34.3+1.1
−1.1
34.7+0.9
−0.9
33.7+1.0
−1.0
32.9+1.0
−1.0
31.5+1.1
−1.1
29.7+1.6
−1.6
30.1+2.5
−2.5
NGC 945 SBc 57 0.14 2 (28,104) · · · 13.9+1.8
−1.8
13.6+1.5
−1.5
13.6+1.5
−1.5
13.6+1.5
−1.5
14.3+2.1
−2.1
15.1+1.4
−1.4
2 (28,76) · · · 14.1+0.5
−0.5
14.0+0.4
−0.4
13.9+0.4
−0.4
14.0+0.4
−0.4
15.1+0.8
−0.8
14.8+1.0
−1.0
NGC 986 Sab 108 0.10 · · · · · · · · · · · · · · · · · · · · · · · · · · · 2 (37,137) 37.2+1.2
−1.2
36.8+1.4
−1.4
36.4+1.3
−1.3
36.5+1.3
−1.3
36.2+1.2
−1.2
· · · · · ·
NGC 1042 SABc 21 0.15 2 (26,117) 15.0+1.5
−1.5
15.5+1.6
−1.6
15.6+1.4
−1.4
15.6+1.4
−1.4
15.8+1.2
−1.2
16.3+1.0
−1.0
16.5+1.0
−1.0
3 (68,97) 11.1+1.2
−1.2
11.6+1.6
−1.6
12.4+1.6
−1.6
12.1+1.4
−1.4
12.3+1.4
−1.4
16.7+0.8
−0.8
15.5+1.0
−1.0
NGC 1084 Sc 38 0.46 2 (10,85) 17.3+1.2
−1.2
17.0+1.7
−1.7
16.8+1.6
−1.6
17.0+1.4
−1.4
16.8+1.3
−1.3
15.8+1.3
−1.3
16.1+1.2
−1.2
2 (47,107) 18.0+2.2
−2.2
· · · 15.9+1.3
−1.3
16.0+1.0
−1.0
17.4+1.5
−1.5
· · · · · ·
NGC 1097 SBb 125 0.18 2 (140,235) 9.9+1.5
−1.5
10.5+1.8
−1.8
11.4+2.5
−2.5
11.3+2.2
−2.2
11.4+1.9
−1.9
11.7+1.3
−1.3
12.2+1.8
−1.8
2 (120,181) 34.5+2.4
−2.4
33.9+2.1
−2.1
31.1+2.3
−2.3
30.1+2.4
−2.4
27.9+2.5
−2.5
27.4+3.4
−3.4
26.7+3.7
−3.7
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Table 1. – continue
Hubble Result from 2D method Result from 1D method
Name Type PA e m Range |ϕ3.6µm| |ϕI | |ϕR| |ϕV | |ϕB | |ϕNUV| |ϕFUV| m Range |ϕ3.6µm| |ϕI | |ϕR| |ϕV | |ϕB | |ϕNUV| |ϕFUV|
(◦) (′′) (◦) (◦) (◦) (◦) (◦) (◦) (◦) (′′) (◦) (◦) (◦) (◦) (◦) (◦) (◦)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22)
NGC 1179 Sc 39 0.16 3 (29,156) 38.7+4.0
−4.0
32.0+3.4
−3.4
33.4+3.4
−3.4
34.1+3.3
−3.3
34.1+3.3
−3.3
32.7+3.1
−3.1
33.3+3.0
−3.0
3 (52,163) · · · 28.9+0.8
−0.8
29.7+0.7
−0.7
28.8+1.0
−1.0
28.5+1.1
−1.1
26.8+1.6
−1.6
31.6+3.1
−3.1
NGC 1187 Sc 137 0.23 2 (18,121) 17.7+1.2
−1.2
17.7+1.2
−1.2
17.7+1.2
−1.2
17.7+1.2
−1.2
18.2+1.5
−1.5
16.6+1.7
−1.7
16.1+2.2
−2.2
3 (88,135) 16.4+1.1
−1.1
14.4+1.0
−1.0
13.2+0.6
−0.6
12.1+0.5
−0.5
11.4+0.4
−0.4
8.5+0.7
−0.7
· · ·
NGC 1232 SABc 100 0.16 3 (21,215) 29.3+3.4
−3.4
28.7+3.0
−3.0
27.7+2.8
−2.8
27.2+3.0
−3.0
26.5+3.0
−3.0
22.7+1.6
−1.6
23.2+1.6
−1.6
3 (37,178) 28.9+1.1
−1.1
30.0+1.3
−1.3
29.2+1.3
−1.3
29.0+1.3
−1.3
28.3+1.4
−1.4
24.5+0.9
−0.9
23.3+0.8
−0.8
NGC 1255 SABb 117 0.40 2 (20,140) 34.9+7.4
−7.4
34.7+5.4
−5.4
34.0+6.0
−6.0
33.3+6.1
−6.1
33.3+6.1
−6.1
· · · · · · 2 (18,47) 23.0+2.5
−2.5
25.0+1.9
−1.9
23.9+1.9
−1.9
23.1+1.6
−1.6
21.6+1.3
−1.3
20.2+2.8
−2.8
24.1+3.4
−3.4
NGC 1309 Sbc 4 0.08 2 (9,42) 26.6+3.3
−3.3
27.7+3.2
−3.2
26.9+3.0
−3.0
26.2+2.9
−2.9
24.9+2.6
−2.6
22.3+2.2
−2.2
21.8+2.1
−2.1
2 (10,33) 25.9+2.3
−2.3
27.5+1.7
−1.7
26.6+1.6
−1.6
26.0+1.7
−1.7
24.7+1.7
−1.7
24.1+3.7
−3.7
22.0+2.4
−2.4
NGC 1357 Sab 77 0.23 2 (17,65) 10.1+0.9
−0.9
8.8+1.2
−1.2
8.5+0.5
−0.5
8.5+0.4
−0.4
8.7+0.4
−0.4
11.8+2.5
−2.5
10.6+0.7
−0.7
2 (68,129) 7.6+0.2
−0.2
7.9+0.3
−0.3
7.8+0.3
−0.3
8.1+0.3
−0.3
11.7+2.0
−2.0
8.2+0.9
−0.9
· · ·
NGC 1367 Sa 134 0.31 2 (39,178) 24.6+2.6
−2.6
22.4+2.9
−2.9
23.4+2.5
−2.5
23.1+2.5
−2.5
23.7+2.7
−2.7
20.3+2.2
−2.2
19.7+2.2
−2.2
2 (40,124) 22.2+1.5
−1.5
· · · 21.7+2.0
−2.0
21.1+2.4
−2.4
20.5+2.4
−2.4
18.0+1.6
−1.6
20.4+2.4
−2.4
NGC 1385 Sc 174 0.24 3 (19,79) 32.7+3.3
−3.3
27.9+3.0
−3.0
28.2+2.8
−2.8
27.1+2.6
−2.6
27.9+3.0
−3.0
23.9+3.7
−3.7
23.6+3.2
−3.2
3 (36,84) 28.3+1.1
−1.1
27.0+1.0
−1.0
26.8+1.0
−1.0
26.9+1.2
−1.2
27.2+1.2
−1.2
33.4+1.3
−1.3
32.6+1.1
−1.1
NGC 1436 Sab 150 0.31 2 (9,41) 33.8+4.8
−4.8
33.2+4.8
−4.8
33.2+4.8
−4.8
32.1+4.2
−4.2
30.7+4.3
−4.3
· · · · · · 2 (12,39) 34.2+2.9
−2.9
35.7+2.2
−2.2
35.6+2.1
−2.1
35.4+2.0
−2.0
32.9+2.1
−2.1
18.8+2.1
−2.1
17.6+1.4
−1.4
NGC 1493 SBc 82 0.09 2 (22,75) 21.9+2.9
−2.9
23.6+3.4
−3.4
22.5+3.1
−3.1
22.2+2.9
−2.9
21.0+2.6
−2.6
16.0+1.5
−1.5
15.3+1.5
−1.5
2 (26,64) 17.9+1.0
−1.0
18.9+1.4
−1.4
18.6+1.3
−1.3
18.5+1.3
−1.3
18.0+1.2
−1.2
16.2+0.7
−0.7
16.8+1.0
−1.0
NGC 1494 Scd 179 0.38 2 (19,95) 29.8+3.8
−3.8
33.4+5.9
−5.9
32.9+5.8
−5.8
32.9+5.8
−5.8
32.4+4.2
−4.2
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
NGC 1559 SBc 61 0.43 2 (15,74) 25.7+3.2
−3.2
22.9+2.2
−2.2
24.5+2.9
−2.9
24.0+2.4
−2.4
24.0+2.4
−2.4
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
NGC 1566 SABb 178 0.21 2 (24,159) 21.4+2.3
−2.3
21.4+2.3
−2.3
21.1+2.2
−2.2
20.7+2.4
−2.4
20.9+2.4
−2.4
21.8+3.5
−3.5
21.6+3.6
−3.6
2 (40,124) 20.5+0.3
−0.3
20.0+0.5
−0.5
19.6+0.5
−0.5
19.3+0.6
−0.6
19.8+0.6
−0.6
23.4+0.9
−0.9
22.7+0.7
−0.7
NGC 1637 Sc 38 0.23 2 (17,89) 13.3+1.8
−1.8
13.1+1.8
−1.8
12.7+1.7
−1.7
12.4+1.3
−1.3
11.8+0.9
−0.9
· · · · · · 2 (18,53) 13.1+0.8
−0.8
14.5+1.3
−1.3
14.5+1.2
−1.2
14.6+1.2
−1.2
12.6+0.8
−0.8
· · · · · ·
NGC 1703 SBb 137 0.07 2 (9,64) 14.4+1.8
−1.8
15.3+1.0
−1.0
15.6+1.1
−1.1
15.7+1.1
−1.1
15.3+1.1
−1.1
16.2+1.3
−1.3
14.1+2.6
−2.6
2 (10,52) 16.2+0.8
−0.8
15.9+0.9
−0.9
16.1+0.7
−0.7
16.1+0.6
−0.6
16.0+0.7
−0.7
· · · 14.4+0.9
−0.9
NGC 2417 SBbc 88 0.26 2 (16,70) · · · 15.3+1.1
−1.1
14.7+1.0
−1.0
14.4+1.0
−1.0
14.5+1.0
−1.0
18.0+1.8
−1.8
16.8+1.2
−1.2
2 (20,58) · · · 16.2+0.5
−0.5
15.5+0.5
−0.5
14.9+0.6
−0.6
14.9+0.7
−0.7
· · · 15.5+2.6
−2.6
NGC 2525 Sc 76 0.26 2 (22,96) · · · 23.5+3.0
−3.0
23.5+3.2
−3.2
23.2+2.8
−2.8
22.9+2.7
−2.7
22.9+2.7
−2.7
21.7+2.6
−2.6
2 (23,87) · · · 23.7+0.5
−0.5
23.3+0.5
−0.5
22.7+0.5
−0.5
22.0+0.5
−0.5
22.7+0.9
−0.9
19.8+1.2
−1.2
NGC 2763 SBc 145 0.13 2 (8,39) · · · 23.4+2.7
−2.7
22.1+2.2
−2.2
21.8+2.1
−2.1
20.6+1.8
−1.8
21.5+3.0
−3.0
· · · 2 (12,34) · · · 21.6+0.4
−0.4
20.8+0.4
−0.4
20.7+0.5
−0.5
20.1+0.6
−0.6
18.6+1.5
−1.5
· · ·
NGC 2835 Sc 5 0.30 3 (31,203) · · · 21.8+1.5
−1.5
21.3+1.3
−1.3
21.0+1.4
−1.4
20.7+1.3
−1.3
20.4+2.0
−2.0
21.2+3.9
−3.9
· · · · · · · · · · · · · · · · · · · · · · · · · · ·
NGC 2889 SABc 150 0.09 3 (11,50) · · · 19.7+1.3
−1.3
19.2+1.2
−1.2
18.6+1.2
−1.2
18.2+1.1
−1.1
28.3+8.6
−8.6
· · · 4 (13,57) · · · 20.5+0.4
−0.4
20.4+0.4
−0.4
19.9+0.5
−0.5
19.5+0.5
−0.5
23.9+1.1
−1.1
· · ·
NGC 2947 SABb 34 0.16 2 (8,48) · · · 12.5+1.2
−1.2
12.2+1.1
−1.1
12.2+1.0
−1.0
11.9+0.9
−0.9
14.6+0.8
−0.8
13.8+0.7
−0.7
· · · · · · · · · · · · · · · · · · · · · · · · · · ·
NGC 2997 SABc 88 0.23 2 (48,207) · · · 21.8+2.1
−2.1
20.5+2.1
−2.1
19.8+2.1
−2.1
19.3+2.1
−2.1
19.1+8.3
−8.3
19.2+5.7
−5.7
2 (58,147) · · · 19.0+0.6
−0.6
17.9+0.6
−0.6
17.7+0.6
−0.6
16.9+0.6
−0.6
15.8+0.9
−0.9
14.5+0.8
−0.8
NGC 3052 SABc 110 0.33 3 (7,54) · · · 22.2+1.6
−1.6
21.8+1.4
−1.4
21.5+1.4
−1.4
21.2+1.3
−1.3
19.2+1.2
−1.2
19.7+1.3
−1.3
· · · · · · · · · · · · · · · · · · · · · · · · · · ·
NGC 3124 Sbc 16 0.12 2 (19,86) · · · 11.2+0.8
−0.8
11.1+0.7
−0.7
10.9+0.6
−0.6
10.9+0.6
−0.6
11.5+0.7
−0.7
11.7+0.7
−0.7
2 (23,66) · · · 10.0+0.3
−0.3
10.0+0.2
−0.2
10.0+0.2
−0.2
10.0+0.2
−0.2
11.3+0.4
−0.4
11.0+0.6
−0.6
NGC 3223 Sb 127 0.25 · · · · · · · · · · · · · · · · · · · · · · · · · · · 2 (22,50) · · · 13.3+1.3
−1.3
12.9+1.4
−1.4
12.4+1.3
−1.3
12.1+1.5
−1.5
10.8+1.9
−1.9
· · ·
NGC 3275 Sab 137 0.09 3 (32,71) · · · 31.7+3.1
−3.1
29.5+2.6
−2.6
28.9+2.7
−2.7
28.9+2.7
−2.7
25.5+5.3
−5.3
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
NGC 3313 Sab 102 0.08 2 (67,180) · · · · · · 13.4+1.9
−1.9
13.4+2.0
−2.0
13.0+2.0
−2.0
10.6+1.8
−1.8
· · · 2 (75,131) · · · 14.7+0.6
−0.6
13.7+0.7
−0.7
13.5+0.5
−0.5
12.9+0.4
−0.4
11.0+0.4
−0.4
· · ·
NGC 3450 Sb 100 0.11 3 (30,109) · · · 8.7+0.8
−0.8
8.5+0.7
−0.7
8.5+0.7
−0.7
8.5+0.8
−0.8
8.7+0.6
−0.6
8.3+1.3
−1.3
· · · · · · · · · · · · · · · · · · · · · · · · · · ·
NGC 3513 SBc 70 0.25 2 (19,98) 22.2+4.2
−4.2
21.5+1.8
−1.8
21.2+1.7
−1.7
21.5+1.8
−1.8
20.9+1.8
−1.8
20.4+2.3
−2.3
20.9+2.2
−2.2
· · · · · · · · · · · · · · · · · · · · · · · · · · ·
NGC 3660 Sbc 114 0.20 2 (23,58) · · · 25.4+4.1
−4.1
23.4+2.7
−2.7
22.4+2.5
−2.5
21.9+2.4
−2.4
19.1+2.3
−2.3
20.3+2.5
−2.5
4 (22,76) · · · 20.1+0.8
−0.8
19.7+0.8
−0.8
19.7+0.8
−0.8
19.7+0.8
−0.8
· · · 18.7+0.8
−0.8
NGC 3673 Sb 78 0.44 · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 (50,80) 13.8+4.6
−4.6
11.3+0.7
−0.7
12.9+0.7
−0.7
12.4+0.8
−0.8
11.9+0.7
−0.7
· · · · · ·
NGC 3887 Sbc 10 0.30 4 (25,76) 28.9+5.1
−5.1
30.5+2.4
−2.4
30.9+2.4
−2.4
30.2+2.2
−2.2
29.8+2.2
−2.2
30.6+4.7
−4.7
31.8+6.0
−6.0
4 (41,119) 32.3+2.1
−2.1
31.0+1.5
−1.5
28.8+1.8
−1.8
27.9+1.7
−1.7
26.8+1.5
−1.5
· · · · · ·
NGC 4027 SBd 148 0.08 2 (26,93) 36.1+5.4
−5.4
36.9+6.5
−6.5
36.8+5.7
−5.7
36.8+5.7
−5.7
37.3+5.5
−5.5
· · · · · · 2 (15,80) 39.8+1.0
−1.0
40.7+1.2
−1.2
39.6+1.0
−1.0
38.7+0.9
−0.9
37.0+0.8
−0.8
· · · · · ·
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Hubble Result from 2D method Result from 1D method
Name Type PA e m Range |ϕ3.6µm| |ϕI | |ϕR| |ϕV | |ϕB | |ϕNUV| |ϕFUV| m Range |ϕ3.6µm| |ϕI | |ϕR| |ϕV | |ϕB | |ϕNUV| |ϕFUV|
(◦) (′′) (◦) (◦) (◦) (◦) (◦) (◦) (◦) (′′) (◦) (◦) (◦) (◦) (◦) (◦) (◦)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22)
NGC 4030 Sbc 35 0.19 4 (19,118) · · · 20.2+1.7
−1.7
20.0+1.4
−1.4
20.1+1.2
−1.2
20.2+1.1
−1.1
21.4+1.4
−1.4
21.9+1.7
−1.7
4 (16,77) 23.3+0.7
−0.7
22.7+0.8
−0.8
22.4+0.8
−0.8
22.5+0.9
−0.9
21.4+0.8
−0.8
· · · · · ·
NGC 4304 Sbc 130 0.16 2 (23,71) · · · 13.5+2.3
−2.3
14.2+2.7
−2.7
14.0+2.5
−2.5
13.8+1.8
−1.8
14.6+1.0
−1.0
15.3+1.5
−1.5
2 (58,101) · · · 16.2+1.4
−1.4
16.8+0.6
−0.6
16.7+0.5
−0.5
15.5+0.7
−0.7
15.1+2.8
−2.8
11.4+2.1
−2.1
NGC 4487 Sc 72 0.35 2 (18,82) 23.1+4.9
−4.9
22.3+3.1
−3.1
21.7+2.6
−2.6
21.1+2.2
−2.2
20.9+2.0
−2.0
· · · · · · 2 (51,85) 21.4+2.7
−2.7
16.7+2.0
−2.0
16.3+1.0
−1.0
15.9+0.9
−0.9
15.0+0.8
−0.8
14.0+1.5
−1.5
14.1+2.2
−2.2
NGC 4504 SABc 140 0.38 2 (21,210) 21.2+2.4
−2.4
19.9+2.5
−2.5
19.9+2.5
−2.5
19.9+2.5
−2.5
19.8+2.1
−2.1
20.9+2.0
−2.0
20.9+2.0
−2.0
2 (22,69) 17.8+1.8
−1.8
21.9+1.2
−1.2
21.3+1.0
−1.0
22.0+1.0
−1.0
21.6+1.0
−1.0
21.5+1.8
−1.8
21.2+2.1
−2.1
NGC 4593 Sb 104 0.27 2 (53,146) 8.1+1.5
−1.5
8.2+1.2
−1.2
8.4+1.2
−1.2
8.3+1.2
−1.2
8.3+1.2
−1.2
7.9+0.7
−0.7
· · · 2 (88,129) 12.9+2.2
−2.2
13.9+1.4
−1.4
14.3+1.1
−1.1
15.5+1.4
−1.4
13.5+1.0
−1.0
11.8+1.6
−1.6
· · ·
NGC 4653 SABc 16 0.21 2 (9,43) 14.0+1.2
−1.2
14.0+1.4
−1.4
13.6+1.0
−1.0
13.4+1.0
−1.0
13.1+0.9
−0.9
· · · · · · 2 (41,81) · · · 14.4+0.7
−0.7
14.7+0.6
−0.6
14.3+0.6
−0.6
13.8+0.6
−0.6
12.7+1.1
−1.1
13.7+1.6
−1.6
NGC 4775 Scd 67 0.23 3 (15,62) 19.6+3.0
−3.0
22.1+1.8
−1.8
22.3+1.6
−1.6
22.3+1.6
−1.6
22.7+1.5
−1.5
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
NGC 4899 SABc 13 0.43 3 (10,45) 21.8+1.5
−1.5
21.8+1.4
−1.4
21.7+1.7
−1.7
21.7+1.7
−1.7
22.2+2.3
−2.3
· · · · · · 3 (12,54) 26.3+1.4
−1.4
24.1+1.0
−1.0
23.7+1.0
−1.0
23.7+0.9
−0.9
23.8+0.9
−0.9
· · · · · ·
NGC 4902 Sb 97 0.12 2 (22,86) 13.0+1.0
−1.0
12.4+1.1
−1.1
12.6+1.0
−1.0
12.6+1.0
−1.0
12.8+0.9
−0.9
14.0+1.1
−1.1
14.0+1.0
−1.0
2 (28,74) 13.6+0.4
−0.4
12.9+0.4
−0.4
12.9+0.3
−0.3
13.0+0.2
−0.2
13.1+0.3
−0.3
13.1+0.5
−0.5
12.3+0.6
−0.6
NGC 4930 Sbc 45 0.21 3 (47,154) · · · 29.0+3.4
−3.4
28.5+3.2
−3.2
28.7+3.2
−3.2
28.2+2.9
−2.9
27.9+2.6
−2.6
28.4+2.9
−2.9
3 (26,99) · · · 29.8+1.2
−1.2
29.3+1.0
−1.0
29.1+1.0
−1.0
29.1+0.9
−0.9
31.4+1.7
−1.7
23.9+2.6
−2.6
NGC 4939 Sbc 7 0.41 2 (29,148) · · · 10.8+0.8
−0.8
10.8+0.8
−0.8
10.8+0.8
−0.8
10.6+0.7
−0.7
10.8+0.9
−0.9
10.8+0.9
−0.9
2 (45,125) · · · 10.5+0.2
−0.2
10.3+0.2
−0.2
10.4+0.2
−0.2
10.1+0.2
−0.2
10.4+0.3
−0.3
10.3+0.2
−0.2
NGC 4947 Sb 12 0.46 3 (14,66) · · · 26.9+2.5
−2.5
26.2+2.5
−2.5
25.3+2.3
−2.3
23.0+1.6
−1.6
22.0+2.0
−2.0
23.1+2.4
−2.4
· · · · · · · · · · · · · · · · · · · · · · · · · · ·
NGC 4965 SABc 142 0.15 2 (12,72) 19.4+1.8
−1.8
16.8+1.6
−1.6
18.6+1.8
−1.8
17.3+1.6
−1.6
17.6+1.5
−1.5
21.6+2.0
−2.0
21.8+2.0
−2.0
2 (12,63) · · · · · · 17.4+0.9
−0.9
17.2+0.7
−0.7
17.6+0.7
−0.7
22.0+1.6
−1.6
23.5+1.2
−1.2
NGC 4981 Sbc 147 0.36 3 (26,93) 31.0+4.9
−4.9
29.4+2.6
−2.6
28.7+2.9
−2.9
27.6+2.7
−2.7
26.3+2.6
−2.6
28.1+4.4
−4.4
23.6+1.7
−1.7
4 (19,96) 38.8+2.0
−2.0
41.5+1.8
−1.8
40.4+1.7
−1.7
39.7+1.7
−1.7
38.8+1.5
−1.5
36.1+1.7
−1.7
· · ·
NGC 4995 SABb 93 0.31 3 (22,87) 15.2+1.8
−1.8
12.2+0.4
−0.4
13.2+1.8
−1.8
13.6+1.8
−1.8
13.8+1.4
−1.4
· · · · · · 3 (32,58) 13.2+0.5
−0.5
11.8+0.6
−0.6
11.9+0.6
−0.6
12.0+0.5
−0.5
11.8+0.6
−0.6
· · · 11.5+1.2
−1.2
NGC 5054 Sbc 156 0.41 3 (32,150) 44.6+5.9
−5.9
44.4+4.8
−4.8
43.3+4.6
−4.6
42.8+4.8
−4.8
41.7+4.4
−4.4
41.8+5.5
−5.5
39.9+5.8
−5.8
3 (42,167) 35.4+1.7
−1.7
36.0+1.2
−1.2
33.3+1.4
−1.4
33.1+1.3
−1.3
32.6+1.3
−1.3
35.6+1.7
−1.7
33.6+2.1
−2.1
NGC 5068 Sc 30 0.15 · · · · · · · · · · · · · · · · · · · · · · · · · · · 1 (48,85) 15.6+1.9
−1.9
18.7+3.4
−3.4
18.4+2.8
−2.8
17.6+3.3
−3.3
17.2+1.6
−1.6
· · · · · ·
NGC 5134 SABb 150 0.40 · · · · · · · · · · · · · · · · · · · · · · · · · · · 2 (89,120) 9.1+1.9
−1.9
11.4+1.1
−1.1
8.3+1.1
−1.1
9.6+1.0
−1.0
11.4+1.7
−1.7
· · · · · ·
NGC 5135 Sab 126 0.12 2 (45,122) · · · 23.7+2.6
−2.6
23.7+2.6
−2.6
24.9+2.8
−2.8
23.7+2.6
−2.6
19.6+3.1
−3.1
24.8+6.0
−6.0
2 (22,107) · · · 31.4+1.3
−1.3
31.0+1.3
−1.3
31.5+1.3
−1.3
31.1+1.3
−1.3
28.0+1.6
−1.6
31.2+4.1
−4.1
NGC 5247 SABb 55 0.13 2 (15,201) 36.9+6.5
−6.5
37.9+5.7
−5.7
37.7+7.1
−7.1
36.4+6.9
−6.9
35.9+7.2
−7.2
30.7+3.9
−3.9
28.5+3.6
−3.6
2 (20,115) 33.7+0.8
−0.8
35.2+0.6
−0.6
33.8+0.6
−0.6
33.0+0.7
−0.7
31.2+0.7
−0.7
31.0+0.7
−0.7
29.3+1.0
−1.0
NGC 5334 Sc 12 0.27 3 (24,82) 20.0+1.1
−1.1
18.4+0.8
−0.8
17.3+1.8
−1.8
17.7+1.0
−1.0
17.6+1.2
−1.2
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
NGC 5339 Sa 37 0.25 2 (25,66) 11.1+1.6
−1.6
10.7+1.6
−1.6
10.8+1.4
−1.4
10.7+1.3
−1.3
10.6+1.1
−1.1
· · · · · · 2 (41,66) 34.6+2.3
−2.3
28.1+2.2
−2.2
26.9+1.7
−1.7
24.2+1.6
−1.6
23.8+1.9
−1.9
· · · · · ·
NGC 5468 SABc 109 0.09 4 (13,38) 29.3+2.0
−2.0
26.3+2.2
−2.2
25.9+2.1
−2.1
25.1+1.9
−1.9
24.9+1.8
−1.8
· · · · · · 4 (13,34) 28.8+0.6
−0.6
25.1+1.1
−1.1
24.8+1.1
−1.1
24.4+1.2
−1.2
24.5+1.3
−1.3
· · · · · ·
NGC 5556 Scd 136 0.24 2 (25,112) · · · 26.0+3.3
−3.3
25.3+3.3
−3.3
25.0+3.4
−3.4
24.3+2.9
−2.9
22.9+2.3
−2.3
23.5+3.2
−3.2
· · · · · · · · · · · · · · · · · · · · · · · · · · ·
NGC 5597 Sc 113 0.25 · · · · · · · · · · · · · · · · · · · · · · · · · · · 2 (24,36) 26.2+2.7
−2.7
20.8+2.2
−2.2
18.2+1.6
−1.6
17.5+1.5
−1.5
15.6+1.3
−1.3
· · · · · ·
NGC 5861 SABc 153 0.43 2 (13,104) 14.5+1.0
−1.0
14.4+0.9
−0.9
14.1+0.9
−0.9
14.3+0.9
−0.9
14.3+0.9
−0.9
15.3+1.2
−1.2
13.6+1.0
−1.0
2 (11,65) 15.2+0.5
−0.5
15.4+0.5
−0.5
14.9+0.3
−0.3
14.4+0.1
−0.1
14.6+0.1
−0.1
16.2+0.8
−0.8
· · ·
NGC 5885 SABc 57 0.21 2 (11,86) 32.5+5.9
−5.9
35.3+5.1
−5.1
35.2+6.6
−6.6
33.6+8.1
−8.1
34.0+5.7
−5.7
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
NGC 5892 SABc 73 0.13 2 (13,54) 16.8+1.6
−1.6
20.0+1.8
−1.8
19.6+1.7
−1.7
19.4+1.8
−1.8
18.8+1.8
−1.8
16.0+1.7
−1.7
16.3+1.5
−1.5
2 (13,93) 18.2+0.6
−0.6
17.6+0.5
−0.5
17.7+0.4
−0.4
17.1+0.4
−0.4
16.7+0.4
−0.4
· · · · · ·
NGC 6902 SBab 154 0.23 2 (29,108) 7.0+0.6
−0.6
7.0+0.6
−0.6
7.0+0.6
−0.6
7.0+0.5
−0.5
7.0+0.5
−0.5
· · · · · · 2 (23,57) 13.1+1.2
−1.2
12.5+0.9
−0.9
12.0+0.6
−0.6
11.7+0.6
−0.6
11.8+1.0
−1.0
· · · · · ·
NGC 6923 SBb 74 0.44 4 (15,79) 33.3+3.4
−3.4
35.4+2.7
−2.7
35.2+2.8
−2.8
34.9+2.9
−2.9
34.4+3.7
−3.7
36.0+2.7
−2.7
· · · 4 (10,48) 37.1+1.6
−1.6
36.1+0.8
−0.8
35.3+0.9
−0.9
35.7+1.2
−1.2
34.5+1.3
−1.3
39.9+2.5
−2.5
· · ·
NGC 6943 Sc 122 0.52 2 (34,106) · · · 12.8+1.4
−1.4
12.7+1.3
−1.3
12.4+1.2
−1.2
12.0+1.1
−1.1
12.7+1.5
−1.5
14.0+1.9
−1.9
2 (43,84) · · · 10.0+0.8
−0.8
10.6+0.7
−0.7
11.0+0.7
−0.7
11.0+0.6
−0.6
12.8+0.6
−0.6
12.4+1.0
−1.0
NGC 7070 Sc 24 0.13 2 (10,37) 32.2+4.5
−4.5
39.1+7.8
−7.8
37.0+6.8
−6.8
35.7+6.6
−6.6
34.4+5.5
−5.5
28.1+3.2
−3.2
31.8+5.1
−5.1
2 (7,30) 30.1+0.9
−0.9
32.6+1.6
−1.6
31.9+1.3
−1.3
32.2+1.2
−1.2
31.9+0.9
−0.9
31.8+3.5
−3.5
30.3+3.8
−3.8
NGC 7083 SBbc 8 0.44 3 (13,85) · · · 25.6+3.4
−3.4
25.4+3.5
−3.5
25.2+3.5
−3.5
25.1+3.0
−3.0
26.0+2.6
−2.6
26.0+2.6
−2.6
· · · · · · · · · · · · · · · · · · · · · · · · · · ·
1
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Table 1. – continue
Hubble Result from 2D method Result from 1D method
Name Type PA e m Range |ϕ3.6µm| |ϕI | |ϕR| |ϕV | |ϕB | |ϕNUV| |ϕFUV| m Range |ϕ3.6µm| |ϕI | |ϕR| |ϕV | |ϕB | |ϕNUV| |ϕFUV|
(◦) (′′) (◦) (◦) (◦) (◦) (◦) (◦) (◦) (′′) (◦) (◦) (◦) (◦) (◦) (◦) (◦)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22)
NGC 7098 Sa 72 0.41 2 (84,162) 12.2+2.8
−2.8
11.9+3.4
−3.4
11.5+1.9
−1.9
12.1+2.0
−2.0
11.1+1.8
−1.8
· · · · · · 2 (99,146) 9.8+0.6
−0.6
7.5+0.4
−0.4
8.3+0.3
−0.3
8.0+0.2
−0.2
7.9+0.4
−0.4
· · · · · ·
NGC 7140 SABb 13 0.37 2 (76,156) 15.3+2.5
−2.5
16.0+2.1
−2.1
16.0+2.1
−2.1
16.1+2.2
−2.2
16.4+2.4
−2.4
· · · · · · 2 (82,160) 14.9+1.3
−1.3
15.7+1.1
−1.1
15.7+1.0
−1.0
15.9+1.0
−1.0
15.9+1.3
−1.3
15.8+2.2
−2.2
· · ·
NGC 7412 SBb 128 0.03 2 (22,120) 30.3+4.4
−4.4
30.4+3.4
−3.4
30.9+5.4
−5.4
30.9+5.4
−5.4
29.6+5.1
−5.1
26.0+3.3
−3.3
25.9+3.1
−3.1
2 (22,105) 30.6+0.6
−0.6
30.7+0.8
−0.8
29.9+0.8
−0.8
29.3+0.8
−0.8
29.1+1.0
−1.0
24.9+0.9
−0.9
24.8+0.7
−0.7
NGC 7418 Sc 132 0.26 2 (21,126) 32.7+3.7
−3.7
32.3+3.7
−3.7
28.6+3.0
−3.0
27.1+3.1
−3.1
25.3+3.1
−3.1
27.3+6.7
−6.7
22.6+3.7
−3.7
3 (34,94) 32.8+2.7
−2.7
31.4+1.8
−1.8
31.6+1.7
−1.7
30.8+1.3
−1.3
30.4+1.4
−1.4
30.6+3.0
−3.0
28.8+2.6
−2.6
NGC 7421 Sbc 72 0.20 2 (26,62) 17.8+1.7
−1.7
16.3+2.1
−2.1
15.9+1.9
−1.9
17.4+4.2
−4.2
16.2+2.7
−2.7
· · · · · · 4 (26,45) 14.5+1.3
−1.3
15.7+1.1
−1.1
16.0+1.0
−1.0
16.4+1.0
−1.0
16.5+1.0
−1.0
· · · · · ·
NGC 7424 Sc 31 0.08 2 (48,220) 16.2+1.8
−1.8
16.5+2.4
−2.4
16.0+2.2
−2.2
15.6+2.4
−2.4
15.2+2.5
−2.5
· · · · · · 2 (33,122) 17.6+1.6
−1.6
18.2+1.3
−1.3
18.3+1.2
−1.2
18.4+1.2
−1.2
18.4+1.2
−1.2
· · · · · ·
NGC 7496 Sb 18 0.14 · · · · · · · · · · · · · · · · · · · · · · · · · · · 2 (89,116) 6.8+1.7
−1.7
5.5+0.5
−0.5
5.9+0.6
−0.6
5.3+0.4
−0.4
5.8+0.6
−0.6
· · · · · ·
NGC 7513 SBb 105 0.33 · · · · · · · · · · · · · · · · · · · · · · · · · · · 2 (61,80) 15.2+0.5
−0.5
17.1+1.3
−1.3
15.9+1.3
−1.3
15.2+1.7
−1.7
14.1+1.5
−1.5
· · · · · ·
NGC 7531 SABb 22 0.45 2 (41,124) 10.9+2.2
−2.2
11.0+1.9
−1.9
10.7+1.7
−1.7
11.1+1.2
−1.2
10.8+1.2
−1.2
· · · · · · 2 (71,124) 16.2+1.3
−1.3
11.7+1.0
−1.0
11.4+0.9
−0.9
11.5+1.0
−1.0
12.1+1.2
−1.2
· · · · · ·
NGC 7552 Sab 5 0.08 · · · · · · · · · · · · · · · · · · · · · · · · · · · 2 (76,121) 9.7+1.1
−1.1
9.9+1.0
−1.0
9.9+1.0
−1.0
9.9+0.9
−0.9
9.7+0.9
−0.9
· · · · · ·
NGC 7689 SABc 127 0.32 2 (11,78) 15.6+3.3
−3.3
15.8+1.9
−1.9
15.6+1.8
−1.8
15.2+1.5
−1.5
14.4+1.6
−1.6
· · · · · · 2 (10,43) 19.2+1.0
−1.0
20.2+1.3
−1.3
19.3+1.3
−1.3
19.2+1.4
−1.4
18.9+1.4
−1.4
· · · · · ·
NGC 7723 SBb 38 0.31 3 (28,86) 22.5+3.0
−3.0
22.7+3.9
−3.9
22.7+3.9
−3.9
23.0+4.5
−4.5
23.2+4.4
−4.4
24.6+3.1
−3.1
23.2+2.8
−2.8
3 (29,73) 23.0+0.6
−0.6
22.7+0.9
−0.9
22.6+1.0
−1.0
22.5+1.2
−1.2
22.7+1.2
−1.2
23.4+1.3
−1.3
23.7+1.4
−1.4
NGC 7727 SABa 111 0.07 · · · · · · · · · · · · · · · · · · · · · · · · · · · 2 (74,125) 17.1+0.7
−0.7
15.6+0.7
−0.7
14.3+0.7
−0.7
13.2+0.6
−0.6
12.3+0.7
−0.7
· · · · · ·
NGC 7755 Sc 27 0.37 · · · · · · · · · · · · · · · · · · · · · · · · · · · 2 (54,141) 16.8+1.1
−1.1
16.4+1.0
−1.0
16.8+0.9
−0.9
17.3+0.8
−0.8
17.2+0.8
−0.8
18.7+1.5
−1.5
16.9+1.2
−1.2
Note— Col. (1) Galaxy name. Col. (2) Hubble type from HyperLeda. Col. (3) Position angle. Col. (4) Ellipticity. Col. (5) & (14) Fourier mode chosen to calculate pitch angle for 2D method and 1D
method. Col. (6) & (15) Radial range of spiral arms using in 2D method and 1D method. Col. (7)-(13) Pitch angle obtained using 2D method for 3.6 µm, I, R, V, B, NUV, and FUV. Col. (16)-(22) Pitch
angle obtained using 1D method for 3.6 µm, I, R, V, B, NUV, and FUV.
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